In this paper we present a detailed computational study of the electronic structure and optical properties of triply-bonded hydrocarbons with linear, and graphyne substructures, with the aim of identifying their potential in opto-electronic device applications. For the purpose, we employed a correlated electron methodology based upon the Pariser-Parr-Pople model Hamiltonian, coupled with the configuration interaction (CI) approach, and studied structures containing up to 42 carbon atoms.
Introduction
Carbon is one of the most important chemical elements on earth, in particular, given its role in the living matter. It is known to exist in various allotropic forms such as fullerenes, nanotubes, graphite, and diamond. Of these, diamond and graphite have been known for a long time, and have widespread industrial applications. Recently, its two-dimensional allotrope graphene was synthesized, 1 which has revolutionized the research in the field of carbon chemistry and physics. But, graphene suffers from the drawback of not having a band gap, which severely limits its potential as far as device applications are concerned. Therefore, the search for a gapped 2D carbon allotrope continues 2 
.
In 1987, Baughman, Eckhardt, and Kertesz, based upon the first-principles theory, predicted a layered allotrope of carbon, in which the individual layers consist of hexagonal rings connected to each other by acetylenic linkages (-C ≡ C-), and christened it graphyne.
3 They found that graphyne has similar mechanical properties, and high-temperature stability, as graphite, with its interlayer binding energy per carbon atom being -1.07 kcal/mol, compared to -1.36 kcal/mol for graphite. But, unlike graphite, they predicted graphyne to be a direct band gap semiconductor, with a gap of 1.2 eV.
3
Other authors who studied graphyne also concluded that it is a stable allotrope of carbon, 4, 5 which has the potential for device applications because of its direct band gap.
Based upon the interlayer binding energy of graphyne, one can conclude that if 3D graphyne is synthesized, it will be possible to obtain its monolayer in a way similar to how graphene is derived from graphite. Graphyne monolayers have also been studied theoretically, 6, 7 and predicted to be stable, with a direct band gap ≈ 0.96 eV.
7
Nanoribbons of graphyne and related structures have also been studied at various levels of theory.
8-12
Ground state properties of finite hydrogen-passivated graphyne substructures were investigated using the first principles theory by Tahara et al.
13
Several groups have synthesized hydrocarbon analogs of finite graphyne-like structures, and measured their optical absorption spectra.
5,14,15
Haley and co-workers 
PPP Model Hamiltonian
These calculations have been carried out by employing the PPP model Hamiltonian, 16, 17 given by H=− i,j,σ t ij c † iσ c jσ + c † jσ c iσ +U i n i↑ n i↓ + i<j V ij (n i − 1)(n j − 1)
where c † iσ (c iσ ) are creation (annihilation) operators corresponding to a π electron of spin σ, localized on the i-th carbon atom, while the total number of electrons with spin σ on atom i is given by the corresponding number operator n i = σ c † iσ c iσ . The second and third terms in Eq. 1 denote the electron-electron repulsion terms, with the parameters U and V ij representing the on-site, and the long-range Coulomb interactions, respectively. The t ij depicts one-electron hopping matrix elements, which, in this work, have been restricted to the nearest neighbors. All our earlier works on π-electron systems such as conjugated polymers, 18 poly-aromatic hydrocarbons, 19, 20 and graphene quantum dots 21 involved molecules containing only single and double carbon bonds, for which PPP model has been parameterized extensively over the years.
22
The common choice of hopping matrix element is t 0 = 2.4 eV, corresponding to the C-C bond length of 1.40 Å, while for shorter or longer bonds, its value can be extrapolated using various relationships between the bond length and the hopping, such as the exponential formula used by us earlier.
23,24
A limiting case of the exponential formula is the linear relationship,
where t 0 = 2.4 eV , r 0 = 1.40 Å, r ij being the distance (in Å) between sites i and j, and α is an adjustable parameter denoting electron-phonon coupling. A popular choice of parameters for the Coulomb interactions is according to the Ohno relationship
where κ i,j represents the dielectric constant of the system which replicates screening effects, U as described above is the on-site electron-electron repulsion term, and R i,j is the distance (in Å) between the i-th and the j-th carbon atoms. Earlier calculations have been done in our group for phenylene based polymers (i.e. π−conjugated system), using both the "screened parameters"
22
with U = 8.0 eV , κ i,j = 2.0(i = j) and κ i,i = 1.0, and the "standard parameters" with U = 11.13 eV and κ i,j = 1.0. In the next section, we investigate the applicability of these parameters to the case of triple-bonded carbon systems investigated in this work.
Independent of the choice of model parameters, computations are initiated by performing mean field restricted Hartree-Fock (RHF) calculations within the PPP model using a code developed in our group, which also transforms the Hamiltonian from the site representation to the molecular-orbital (MO) representation.
26
This is followed by correlated calculations at the full configuration interaction (FCI), quadruple configuration interaction (QCI), or at the multi-reference singles-doubles configuration interaction (MRSDCI) level, depending upon the size of the graphyne substructures. In the FCI approach, all possible excitations from HF ground state are considered, while up to quadruple excitations are considered in the QCI approach. Thus, both the FCI and QCI approaches require a significant amount of computational resources and can be performed only for small systems. In MRSDCI calculations, singly and doubly excited configurations from the chosen set of reference configurations of the selected symmetry subspace are considered for generating the CI matrix.
27,28
Therefore, this approach allows one to perform calculations on larger molecules.
18,20,21
In this work we have performed FCI calculations on LU-14, QCI for LU-22 and GU-24, while for larger molecules, MRSDCI approach has been employed. For all the CI approaches, point-group and spin symmetries were fully utilized, thus making the calculations efficient. Subsequently these CI wave functions are used to compute transition electric dipole matrix elements between various states, allowing us to calculate the linear optical absorption cross-sectionσ(ω), 18, 20, 21 using the formula
where ω is the frequency of the incident radiation,ê denotes its polarization direction, r is the position operator, α is the fine structure constant, 0 and i, respectively, denote the ground and the excited states, ω i0 is the frequency difference between those states, and γ is the absorption line-width. We note that in Eq. 4 summation over all the dipole-allowed excited states is performed, and a Lorentzian line shape is assumed.
Parameterization of PPP model for Triple-Bonded Molecules
Given the fact that this is our first application of the PPP model to triple-bonded π-conjugated molecules, we first investigate its applicability to the simplest molecule studied in this work, LU-14, whose hydrogen-passivated chemical analog is diphenylacetylene. To do so, we first survey the values of various carbon-carbon bond lengths reported by different authors for diphenylacetylene. Similar to the case of graphyne, diphenylacetylene, and all the other molecules considered here have three types of C-C bond lengths corresponding to the phenyl ring, the single bond, and the triple bond. Narita et al. showed that the optical absorption spectra computed using the PPP model are insensitive to small changes in the bond lengths.
23,24
Therefore, to simplify calculations, we considered only two distinct bond lengths: 1.40 Å (phenyl ring and single bond), and 1.22 Å (triple bond), which are close to the optimized bond lengths of 2D graphyne,
4
and used them in all the molecules including diphenylacetylene. The hopping matrix elements corresponding to these bond lengths were computed using Eq. 2, with α = 3.4 eV/Å,
32
leading to values 2.4 eV, and 3.012 eV, respectively.
With these hopping matrix elements and bond lengths, we perform PPP-FCI calculations on diphenylacetylene to compute the excitation energy of its first dipole-allowed state 1 1 B 3u , whose value has been measured to be 4.17 eV by Suzuki.
14
The screened parameters
22
(U = 8.0 eV , κ i,j = 2.0(i = j) and κ i,i = 1.0 ) based calculations predict 4.49 eV for the excitation energy, while the standard parameters (U = 11.13 eV and κ i,j = 1.0) yield the value 4.52 eV for the same. Thus, calculations based upon both these parameter sets overestimate the excitation energy of 1 1 B 3u by about 0.3 eV. In order to determine a new set of parameters for the PPP model, for which the FCI value of E(1 1 B 3u ) will match perfectly with the experiments, we performed a number of PPP-FCI calculations in which the values of the hopping matrix element corresponding to the triple bond (t T ), and on-site repulsion U were varied, keeping all other parameters and the bond lengths fixed, and the results are presented in Fig. 2 . From Fig. 2a it obvious that for E(1 1 B 3u ) to be close to the experimental value, hopping t T has to assume values smaller than 2.5 eV, which is unrealistically small for a triple bond. However, when we reduce U instead, keeping t T = 3.012 eV fixed (see Fig. 2b ), we obtain both for (a) standard parameters with U = 8.92 eV and κ i,j = 1.0, and (b) screened parameters U = 7.117 eV , κ i,j = 2.0(i = j) and κ i,i = 1.0, E(1 1 B 3u ) = 4.15 eV, which is in excellent agreement with the experimentally observed value of 4.17 eV. Therefore, we adopt these reduced values of U to perform the standard and screened parameter based PPP-CI calculations on all LUs and GUs considered in this work.
2.4 2.5 2.6 2.7 2.8 2.9 3 3.1 3. 3u ) ) of diphenylacetylene as a function of: (a) hopping matrix element of the triple bond (t T ), keeping normal values of Coulomb parameters, and (b) on-site repulstion U , keeping normal value of t T = 3.012 eV. Calculations were performed both for standard and screened type Coulomb parameters, keeping bond lengths, and other hopping matrix elements unchanged.
Results and Discussion
Next, we present the calculated optical absorption spectra first for linear molecules, followed by graphyne units. To elucidate the large-scale nature of these calculations, in Table 1 we present the dimensions of the CI matrices employed in these calculations, for various symmetry subspaces, of different molecules. The level of the CI calculation (FCI/QCI/MRDCI), PPP Coulomb parameters employed, and the point group symmetry of the concerned molecule, is also indicated in the table. The large size of the CI expansions suggests that the electron correlation effects are included accurately in these calculations. Table 1 : Dimension of CI matrix (N total ) employed in FCI, QCI, and MRSDCI calculations for different symmetry subspaces of the molecules studied in this work. Superscript a implies use of FCI method, superscript b implies use of QCI method both with the standard and the screened parameters, superscript c implies MRSDI method was used with the screened parameters, superscript d implies MRSDCI method was used with the standard parameters, and superscript e implies that the QCI method was used, without employing the point-group symmetry.
Molecule Point Group
Total Number of configurations (N total ) for different symmetries
FCI method with the standard and the screened parameters.
b QCI method with the standard and the screened parameters. 
Absorption Spectra of Linear Molecules
The calculated optical absorption spectra of LUs using the screened and the standard respectively. Detailed information about the excited states contributing to various peaks in the computed spectra, including their many-particle wave functions, are presented in Tables S1 to S11 of Supporting Information. A careful examination of the spectra reveals the following trends: (a) with the increasing size of the LUs, the absorption spectra get red shifted, (b) the first peak of the absorption spectra of various molecules, which is mainly due to the
excitation, is the most intense one, and always x-polarized, (c) the location of the first peak exhibits weak dependence on the PPP Coulomb parameters, however, higher energy peaks do depend significantly on their values, and (d) the wave functions of most of the states contributing to the absorption spectra are dominated by single excitations, except for a few peaks. Table 2 ). Of course, our calculations predict several other absorption peaks of LU-22, which can be verified in future experiments on this system.
Fenenko et al.
38
reported the measurement of an absorption spectrum of the chemical analog of LU-38, namely, 1,4-bis (4-(phenylethynyl) phenylethynyl) benzene, both in the thin film, and the solution phase. We note that their film based measurements covered a broader spectral range, nevertheless, in Table 2 we compare our computed results to both solution and film based measurements. These authors estimated the band gap of the material in film phase to be 3.07 eV, 38 which is in excellent agreement with the H → L excitation energy of 3.04 eV, obtained using the screened parameters. Further, Fenenko et al.
reported two peaks at 3.25 eV and 3.51 eV for which our computed spectrum has no counterparts. Out of the two, the first one is close to the band gap, and hence could be a part of the corresponding vibrational sub-band. Their higher energy region reports two more peaks at 3.77 eV and 5.06 eV, which are again in good agreement with our two screened parameter calculated peaks at 3.98 eV and 5.00 eV, respectively. Furthermore, the intensity profile of the filmbased measured spectrum is in excellent agreement with that computed using the screened parameters.
In the solution phase, absorption measurement of Fenenko et al.
was restricted to a narrow spectral window centered around the first absorption peak. They report the main absorption peak at 352 nm (3.52 eV), with a subpeak at 279 nm (4.44 eV), and an intense shoulder at 380 nm (3.26 eV). When compared to screened parameter results, measured values look blue-shifted. However, the first measured absorption peak at 3.26 eV, classified as a shoulder by the authors, is in excellent agreement with our standard parameter result also at 3.26 eV (see Table 2 ). The main absorption peak of the solution phase located at 3.52 eV, which is less intense compared to the measured shoulder at 3.26 eV, is blue-shifted compared to both the screened and the standard parameter based results. Similarly, the measured peak at 4.44 eV, is somewhat blue-shifted compared to the standard parameter based peak computed at 4.28 eV. Thus, we conclude that standard parameter based theory is in better agreement with the solution based results for LU-38, while the screened parameter results are in better agreement with the film based measurements. This, on physical grounds, is quite understandable, because screening effects will be prominent in the film phase. In the solution phase, molecules are isolated, therefore, there will be hardly any screening due to the presence of other molecules.
We also note that the location of the first peak of the LUs considered varies from 3.04 eV to 4.15 eV, which covers visible to near ultraviolet region. Thus, these molecules can be useful for building optoelectronic devices in a fairly broad spectral range.
Absorption Spectra of Graphyne Substructures
Next, we present the results of our calculations of the optical absorption spectra of GUs, performed with the screened and the standard parameters in Figs. 3 (e)-(h), and 4 (e)-(h),
respectively. In Tables 3-6 , we make a comparison between our calculated peak position in the spectra of various GUs, with the corresponding experimental values, while detailed information about the excited states (energies, transition dipoles, wave functions etc.) is presented in Tables S12 to S23 of the Supporting Information. A large number of measurements of optical absorption spectra of hydrocarbons, which are structural analogues of GUs, have been reported in the literature.
3,5,15,40-48
Hydrocarbon analogue of GU-24 ( Fig. 1e ) is tribenzo [12] annulene, whose UV-Vis spectrum was first measured by Campbell et al.
44
, and later on by several other workers.
5, [40] [41] [42] [43] 45, 47, 49 All the reported measurements agree with each other in that absorption spectrum consists of a strongly allowed band near 290 nm (4.26 eV), a weakly allowed band near 350 nm (3.54 eV),
45
and a strongly forbidden band at 400 nm (3.09 eV).
Our PPP-CI calculations, employing the screened parameters, predict the first, and the most intense, absorption peak at 4.32 eV, which corresponds to a doubly degenerate state of 1 E symmetry. The same calculations predict a dipole forbidden state dominated by the singly-excited configuration |H → L at 3.15 eV. We note that as per selection rules of the D 3h point group, H → L transition is dipole forbidden because it belongs to 1 A 2 symmetry. Our calculations also predict a doubly degenerate state of 1 E symmetry, located at 3.48 eV, which is optically forbidden because it has the same particle-hole symmetry as the ground state. But, the particle-hole symmetry is an approximate symmetry which is an artifact of employing the nearest-neighbor tight-binding model in the calculations, and, therefore, optical transitions forbidden due to it, are in fact weakly allowed in nature. Therefore, our calculated 1 E state at 3.48 eV is a strong candidate for weakly allowed state seen in the experiments at 3.54 eV. Thus, the screened parameter results are in very good agreement with the experiments, while it is obvious from Table 3 that our standard parameter based PPP results disagree with the experiments significantly. We note that both the strongly allowed (4.32 eV) and forbidden state (3.48 eV) are dominated by same singly excited configurations, with wave functions containing the configurations |H → (L + 1) 1 ±c.c. and |H → (L + 1) 2 ±c.c. Our calculations also predict several higher energy peaks of weaker intensity, which we hope will be detected in future experiments. and Kehoe et al.
5
Our theoretically computed absorption spectrum (see Fig. 3f ) is in excellent qualitative agreement with the experiments in that both experiment and theory report weaker absorption at lower energies, followed by a high intensity peak. Experiments predict the location of the maximum intensity peak (see Table 4 symmetry (see Fig. 1g ), and its hydrogen saturated version also belongs to the DBA class.
Iyoda et al.,
48
Johnson et al.,
46
and Kehoe et al. Furthermore, measured locations of lowest energy peaks also exhibit significant variation in the range 2.55-3.40 eV.
5,46,48
On comparison of experimental results to our calculations ( Tables S17-S19 of Supporting Information).
The last graphyne substructure we discuss also has 42 carbon atoms and five benzene rings, but arranged in C 2v symmetry (see Fig. 1h ). The only reported measurements of the absorption spectrum of this compound are by Tahara et al.,
47
but on a structure in which five edge carbon atoms were saturated by the t-butyl group, instead of hydrogens. Maximum intensity was attributed to a band centered around 3.42 eV, while our screened parameter calculations predict the maximum intensity near 3.74 eV, instead (Table 6 ). Furthermore, our screened parameter calculations also predict a smaller peak, but of significant intensity, at 2.87 eV, which has not been seen in the experiment. As far as other peaks are concerned,
we have good agreement between the experiments and screened parameter results on a few others, as is obvious from Table 6 . Our calculations predict the first peak to be dominated by Tables S20-S23 of Supporting Information). On comparing the absorption spectra of GU-42-C 2v and GU-42-D 2h , we note a red shift in the most intense peak for the D 2h symmetry, as compared to that for the C 2v structure (see Fig. 3 (g)-(h)). Thus, the locations of the strong absorptions can be used to differentiate between the two symmetries of the GU-42.
Summary and Conclusions
To summarize, we presented a computational study the optical absorption spectra of linear and graphyne substructures all of which contain benzene rings connected by acetylenic linkages. The methodology employed included the electron correlation effects, and our results showed good agreement with the experiments, wherever available. Our calculations predict that for the linear structures, the first peak is of maximum intensity, whose energy decreases monotonically with the increasing size. The many-particle nature of this peak corresponds 
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graphyne, graphdiyne, graphone, and graphane: review of properties, synthesis, and application in nanotechnology. Nanotechnology, science and applications 2014, 7, 1. is D 2h , while for the graphyne substructures, the symmetry group is specified in the caption. Table S2 : Excited states giving rise to peaks in the singlet linear absorption spectrum of LU-14, computed using the FCI approach, and the standard parameters in the PPP model. Subscripts x and y on a peak label, indicate the polarization direction of the absorbed photon.
Peak Symmetry Energy (eV) Transition
Dominant configurations in the Dipole (Å) many-body wave function Table S3 : Excited states giving rise to peaks in the singlet linear absorption spectrum of LU-22, computed using the QCI approach, and the screened parameters in the PPP model. Subscripts x and y on a peak label, indicate the polarization direction of the absorbed photon.
Peak Symmetry Energy (eV) Transition Dominant configurations in the Dipole (Å) many-body wave function Table S4 : Excited states giving rise to peaks in the singlet linear absorption spectrum of LU-22, computed using the QCI approach, and the standard parameters in the PPP model. Subscripts x and y on a peak label, indicate the polarization direction of the absorbed photon.
Peak Symmetry Energy (eV) Transition Dominant configurations in the Dipole (Å) many-body wave function Table S5 : Excited states giving rise to peaks in the singlet linear absorption spectrum of LU-30, computed using the MRSDCI approach, and the screened parameters in the PPP model. Subscripts x and y on a peak label, indicate the polarization direction of the absorbed photon.
Peak Symmetry Energy (eV) Transition Dominant configurations in the Dipole (Å) many-body wave function Table S7 : Excited states giving rise to peaks in the singlet linear absorption spectrum of LU-30, computed using the MRSDCI approach, and the standard parameters in the PPP model. Subscripts x and y on a peak label, indicate the polarization direction of the absorbed photon.
Peak Symmetry Energy (eV) Transition Dominant configurations in the Dipole (Å) many-body wave function Table S8 : Excited states giving rise to peaks in the singlet linear absorption spectrum of LU-38, computed using the MRSDCI approach, and the screened parameters in the PPP model. Subscripts x and y on a peak label, indicate the polarization direction of the absorbed photon.
Peak Symmetry Energy (eV) Transition Dominant configurations in the Dipole (Å) many-body wave function 
6. Table S20 : Excited states giving rise to peaks in the singlet linear absorption spectrum of GU-42 (C 2v symmetry), computed using the MRSDCI approach, and the screened parameters in the PPP model. Subscripts x and y on a peak label, indicate the polarization direction of the absorbed photon.
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